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METHOD AND APPARATUS FOR DETECTING A
REDUCTION IN THE DEGREE OF VACUUM OF A
VACUUM VALVE WHILE IN OPERATION

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a method of detecting a
reduction in the degree of vacuum of a vacuum valve
which 1s employed in a vacuum circuit breaker or vac-
uum contactor, and a device for practicing the method.

2. Description of the Related Art

FIG. 6 1s a side view showing a vacuum circuit
breaker. The circuit breaker comprises a vacuum valve
1 with a stationary lead 7, and a movable lead 8. The
movable lead 8 1s connected through an insulating rod

20 to one end of an operating lever 21, the other end of

which 1s coupled to an operating unit (not shown)
which is accommodated in an insulating frame 13. The
movable lead 8 is further connected through a flexible
wire 22 to a main circuit terminal 23. The stationary
lead 7 is connected to another main circuit terminal 24.
‘Those main circuit terminals 23 and 24 are connected to
insulators 25 and 26, respectively. The vacuum circuit

10

15

20

breaker is of pull-out type, and the lower end portion of 25

the insulating frame 13 is mounted through wheels 27
on the frame 28 of a power board. That is, when the
vacuum circuit breaker is moved right and left in FIG.
1, clips 23A and 24A connected to the ends of the main
circuit terminals 23 and 24 are connected to and discon-
nected from the main circuit bus lines (not shown).

FIG. 7 1s a sectional view showing essential compo-
nents of the vacuum circuit breaker shown in FIG. 6. In
the vacuum valve 1, the stationary electrode 2 and the
movable electrode 3 form contact means, and an arc
shield 4 surrounds the contact means. The contact
means and the arc shield 4 are built in a cylindrical
insulating container 5. The container 5 is sealingly
closed with lids 6A and 6B at both ends, and the inside
of the container is evacuated high in the degree of vac-
uum. The stationary electrode 2 is fixedly secured to the
bottom 6A, and it is electrically connected through the
stationary lead 7 to an external circuit. The arc shield 4
1s fixedly mounted on the lid 6A. The arc shield 4 is to
prevent the metal vapor from sticking onto the inner
cylindrical surface of the insulating container 5 which is
produced by arcs formed at the contact means when the
circuit is shut off. In the vacuum valve 1 shown in FIG.
7, the arc shield 4 is mounted on the lid 6A; however, it
may be mounted on the lid 6B, or it may be provided at
the middle of the container 5 in such a manner that it is
insulated from the two lids 6A and 6B. FIG. 7 shows
the vacuum valve with the contact means closed.

The vacuum valve 1 is hermetically sealed so that the
vacuum pressure in the insulating container 5 is smaller
than 10—4 Torr. If the sealing of the insulating container
is impaired; that is, if the vacuum pressure in the insulat-
ing container 3 is raised, the vacuum valve 1 is lowered
in breaking characteristic and in insulating characteris-
tic, and therefore it is no longer useful. Thus, detection
of the degree of vacuum of the vacuum valve 1 is essen-
tial for maintenance of the vacuum circuit breaker.

Heretofore, in order to detect the degree of vacuum
of the vacuum valve thereby to determine whether or
not the sealing of the latter is satisfactory, high voltage
is applied across the contact means which is held open;
that is, a withstand voltage test is given to the latter.
'This method i1s based on the fact that the flashover
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voltage of the contact means is decreased as the vacuum
pressure decreases.

However, the above-described conventional method
is disadvantageous in that, in order to test the vacuum
valve, the latter must be disconnected from the main
circuit. More specifically, in order to apply high voltage
to the vacuum valve, the vacuum valve must be discon-
nected from the main circuit by pulling it out of the
power board. Hence, the maintenance takes lots of time
and labor, and the electric current is cut off for a long
period of time.

The degree of vacuum of the vacuum valve may be
measured with a vacuum meter connected to it. How-
ever, this method suffers from the following difficulties:
As was described above, it is essential to maintain the
degree of vacuum of the vacuum valve high. Hence, in
connecting the vacuum meter to the vacuum valve
under test, it is necessary to positively prevent the seal-
ing of the vacuum valve from being impaired at the
connecting point of the vacuum meter. At worst, the
connection of the vacuum meter to the vacuum valve
may lower the reliability of the latter. Thus, the method

of measuring the degree of vacuum with the vacuum
meter 1S not practical.

SUMMARY OF THE INVENTION

Accordingly, an object of this invention is to make it
possible to detect a reduction in the degree of vacuum
of a vacuum valve which is in operation, without lower-
ing the reliability of the latter.

More specifically, an object of the invention is to
provide a method of detecting a reduction in the degree
of vacuum of a vacuum valve which is in operation,
without lowering the reliability of the latter, and a de-
vice for practicing the method.

According to an aspect of the invention there is pro-
vided a method of detecting a reduction in the degree of
vacuum of a vacuum valve comprising: an insulating
container which 1s evacuated; contact means made up
of a movable electrode and a stationary electrode; and
an arc shield, the contact means and arc shield being set
in the insulating container in such a manner that the arc
shield surrounds the contact means; in which the arc
shield is held at the same potential as one of the movable
and stationary electrodes, a protrusion is formed on the
outer cylindrical surface of the arc shield or on the inner
surface of the msulating container, and a detecting elec-
trode 1s set confronted with the outer surface of the
insulating container with an air gap therebetween, and
grounded through a current sensor, the current sensor
detecting a discharge current which is induced through
the protrusion when the degree of vacuum of the vac-
uum valve is reduced, thereby to detect the reduction in
the degree of vacuum of the vacuum valve.

According to another aspect of the invention, there is
provided a device for detecting a reduction in the de-
gree of vacuum of a vacuum valve comprising: an insu-
lating container which is evacuated; contact means
made up of a movable electrode and a stationary elec-
trode; and an arc shield, the contact means and arc
shield bemmg set in the insulating container in such a
manner that the arc shield surrounds the contact means,
which comprises: a protrusion formed on the outer
cylindrical surface of the arc shield which is at the same
potential as one of the movable and stationary elec-
trodes; a detecting electrode confronted with the outer
surface of the insulating container with an air gap there-



5,399,973

3

between, and grounded through a current sensor, the
current sensor detecting a discharge current which is
induced through the protrusion when the degree of
vacuum of the vacuum valve is reduced, to provide an
output; and a signal processing unit which, in response
to the output of the current sensor, to output an alarm

signal to indicate the reduction in the degree of vacuum
of the vacuum valve.

In the device, the protrusion is a contact spring of
metal which is held in contact with the inner surface of
the insulating container.

In the device, the current sensor is a current trans-
former having a primary winding on the input side and
a secondary winding on the output side, the secondary
winding is shunted by a resonance capacitor, and the
current transformer outputs a signal tuned to a particu-
lar frequency component in a frequency range of from
100 kHz to 200 kHz of the discharge current.

Furthermore in the device, the current sensor is made
up of first and second current transformers each having
a primary winding on the input side and a secondary
winding on the output side, one terminal of the primary
winding of the firs current transformer 1s connected to
the detecting electrode, and the other terminal is con-
nected to the primary winding of the second current

transformer, and the secondary windings of the current |

transformers are shunted with resonance capacitors,
respectively. The first current transformer outputs a
signal tuned to a particular frequency component in a
frequency range of from 100 kHz to 200 kHz, while the
second current transformer outputs a signal tuned to a
particular frequency component in a frequency range of
from 1 MHz to 10 MHz, and the levels of the output
signals of the first and second current transformers are
subjected to comparison, to output an alarm signal indi-
cating an amount of reduction in the degree of vacuum
of the vacuum valve.

According to the invention, the protrusion is formed
on the outer cylindrical surface of the arc shield which
is held at the same potential as one of the movable and
stationary electrodes, or on the inner surface of the
insulating container, and the detecting electrode 1s set
confronted with the outer surface of the insulating con-
tainer with an air gap therebetween. Therefore, with
the air gap set to a suitable value, the electric field in the
vacuum valve is increased greatly at the end of the
protrusion when the operating voltage 1s applied to the
vacuum valve. When the vacuum valve 1s reduced in
the degree of vacuum,; that is, the degree of vacuum of
the insulating container is decreased, the dielectric
strength in vacuum is decreased. However, in the vac-
-uum tube, the high electric field exists locally at the end
of the protrusion as was described above, and therefore
breakdown occurs only in the vacuum space at the end
of the protrusion (not occurring abruptly in the whole
space in the vacuum valve), so that partial discharges
are induced there.

When, as was described above, the partial discharges
are induced with the protrusion formed in the vacuum
valve, a discharge current including high frequency
components flows. More specifically, the discharge
current flows to the detecting electrode through elec-
trostatic capacities formed by the insulating container,
the vacuum space, the air gap, etc. On the other hand,
the detecting electrode is grounded through the current
sensor, the output of which is connected to the signal
processing unit. Therefore, upon detection of the dis-
charge current, the sensor applies a detection signal to
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the signal processing unit. In response to the detection
signal, the signal processing unit outputs the alarm sig-
nal indicating the reduction in the degree of vacuum of
the vacuum signal.

The protrusion formed on the arc shield 1s held in

confact with the inner surface of the insulating con-
tainer. Since at the contact region, the electric field is
made extremely high, a range of vacuums with which

partial discharges are induced is increased, and accord-
ingly a reduction in the degree of vacuum can be de-
tected with higher sensitivity.

Furthermore, the contact spring of metal is employed
as the protrusion. When the arc shield is inserted into
the insulating container, the contact spring 1s positively
held in contact with the insulating container, which
allows discharges to be induced stably when the degree
of vacuum of the vacuum valve is decreased.

Furthermore, the current transformer is employed as
the current sensor, according to the invention. The
primary winding of the current transformer is con-
nected to the detecting electrode, and the secondary
winding is shunted with the resonance capacitor which
resonates with a particular frequency in a range of from
100 kHz to 200 kHz, and connected to the signal pro-
cessing unit. The current transformer, being tuned to
the particular signal, outputs the electrical signal
through the secondary winding. When the degree of
vacuum of the vacuum valve is decreased, or the vac-
uum pressure changes so that the dielectric strength is
minimum, the high frequency components of the dis-
charge current are lessened, so that the remaining high
frequency components are of 100 kHz to 200 kHz.
Hence, by tuning the current sensor to the particular
frequency components in the range of frequencies of
from 100 kHz to 200 kHz, a vacuum reduction of the
vacuum tube can be positively detected irrespective of
the vacuum pressure of the vacuum tube.

Furthermore, according to the invention, the current
sensor 1s made up of the first and second current trans-
formers. One terminal of the primary winding of the
first current transformer is connected to the detecting
electrode, and the other terminal 1s connected to the
primary winding of the second current transformer, and
the secondary windings of the current transformers are
shunted with the resonance capacitors, and connected
to the signal processing units, respectively. One of the
capacitors is tuned to a particular frequency component
in a frequency range of from 100 kHz to 200 kHz, while
the other is tuned to a particular frequency component
in a frequency range of from 1 MHz to 10 MHz, so that
the current transformers output electrical signals tuned
to those particular frequency components, respectively,
which are applied to the comparator. The comparator
subjects the levels of the output signals of the two cur-
rent transformers to comparison, to output the signal
indicating an amount of reduction in the degree of vac-
uum of the vacuum valve. This will greatly contribute
to the maintenance of the vacuum valve.

The nature, principle, and utility of the invention will
be more clearly understood from the following detailed
description of the mvention when read in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWING(S)

In the accompanying drawings:

FIG. 1 is a sectional view showing an example of a
vacuum reduction detecting device for a vacuum valve,
which constitutes a first embodiment of the invention;
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FIG. 2 1s a sectional view showing another example
of the vacuum reduction detecting device, which con-
stitutes a second embodiment of the invention;

FIG. 3 is a sectional view showing another example
of the vacuum reduction detecting device, which con-
stitutes a third embodiment of the invention;

FIG. 4 1s a sectional view showing another example
of the vacuum reduction detecting device, which con-
stitutes a fourth embodiment of the invention;

FI1G. 5 is a sectional view showing another example
of the vacuum reduction detecting device, which con-
stitutes a fifth embodiment of the invention;

FIG. 6 1s a side view showing the arrangement of a
vacuum circuit breaker;

S

10

FIG. 7 is a sectional view showing essential parts of 15

the vacuum circuit breaker shown in FIG. 6;

F1G. 8 1s a graphical representation indicating rela-
tionships between vacuum pressures and breakdown
voltages in vacuum insulation:;

FIG. 9 1s an explanatory diagram showing a vacuum
valve partial discharge detecting circuit;

FIG. 10 is a time chart showing discharge currents;

FIG. 11 is an explanatory diagram showing a partial
dlscharge detecting circuit in the first embodunent
shown 1n FIG. 1; and

FIG. 12 1s a graphmal representation indicating fre-
quency spectra of discharge currents.

DETAILED DESCRIPTION OF THE
INVENTION

Preferred embodiments of this invention will be de-
scribed with reference to the accompanying drawings.

First, a device for detecting a reduction in the degree
of vacuum of a vacuum valve (hereinafter referred to as
“a vacuum reduction detecting device’), which consti-
tutes a first embodiment of the invention, will be de-
scribed with reference to FIG. 1. The device is formed
for detection of a reduction in the degree of vacuum
(hereinafter referred to as “a vacuum reduction”, when
applicable) of the vacuum valve as shown in FIG. 7.
However, in the vacuum valve, as shown in FIG. 1, an
annular protrusion 10 is formed on the outer cylindrical
wall of the arc shield 4, which is secured to the lid 6A
and 1s at the same potential as the stationary electrode 2,
and a detecting electrode 11 is mounted on an insulating
frame 13 in such a manner that there is an air gap G
between the electrode 11 and the insulating container 5.
More specifically, the detecting electrode 11 is secured
to the 1nsulating frame 13 with insulating bolts 12, and is

20
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30

35

43

grounded through a current sensor 14. The output of 50

the current sensor 14 is applied to a signal processing
unit 15, which outputs an alarm signal 15S.

In order to describe the vacuum reduction detecting
theory of the device shown in FIG. 1, first 2 vacuum
insulation characteristic and a partial discharge charac-
teristic will be described.

F1G. 8 is a characteristic diagram showing relation-
ships between vacuum pressure and breakdown voltage
with respect to vacuum insulation. In FIG. 8, the hori-
zontal axis represents vacuum pressures (Torr), and the
vertical axis breakdown voltages (kV). Further in FIG.
8, the characteristic curve 34 is for the case in which the
gap length is 7 mm. The characteristic curve 34 is V-
shaped, and called “Paschen curve”. It is known that
the Paschen curve will become one curve when the
horizontal axis represents the products of vacuum pres-
sures and gap lengths. As is apparent from FIG. 8, the
breakdown voltage is minimum when the vacuum pres-
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sure is at about 0.3 Torr. Let us call this minimum
breakdown voltage as “Paschen minimum”, and it is
assumed that the vacuum pressure corresponding to the
Paschen minimum is represented by Pm. The vacuum
pressure Pm is shifted towards the higher side as the gap
length increases. In this connection, it should be noted
that the vacuum pressure is, in general, understood as
follows: When the vacuum pressure is small in value,
the degree of vacuum is high; whereas when it is large,
the degree of vacuum is low (a reduction in the degree
of vacuum). |

As was described before, normally the inside of the
vacuum valve is high in the degree of vacuum, the
vacuum pressure being smaller than 10—4 Torr. This
condition is in the left region in FIG. 8 which is far
away from Pm, and therefore the interior of the insulat-
ing container is considerably high in dielectric strength.
However, when a vacuum reduction occurs with the
vacuum valve, the dielectric strength is gradually de-
creased, and finally the Paschen minimum pressure is
reached.

In general, even when a vacuum reduction occurs
with the vacuum valve, the vacuum pressure scarcely
reaches several tens of Torr or higher exceeding the
Paschen minimum pressure Pm. The vacuum pressure
reaches several tens of Torr only when the vacuum
valve is broken, or the lid is removed: that is, when a
large hole is formed in the vacuum valve. This defect
can be readily found by visual inspection. In the case
where the vacuum valve has an extremely small break,
the vacuum reduction advances extremely slowly.
Therefore, even if a vacuum reduction occurs with the
vacuum valve, the vacuum pressure is generally held
around the Paschen minimum value Thus, it is essential
for the vacuum reduction detecting device to detect a
reduction in the degree of vacuum in the vacuum valve
before the vacuum pressure reaches the Paschen mini-
mum value.

When a vacuum reduction occurs with the vacuum
valve, the dielectric strength in vacuum is decreased,
and the vacuum is partially broken before it is broken in
its entirety; that is, parts of the vacuum are broken first
where the electric field strength is high, thus following
partial discharges. As the electric field increases, the
range of pressures with which partial discharges are
induced, is increased, as a result of which partial dis-
charges are induced with lower vacuum pressures.

FI1G. 9 shows a conventional partial discharge mea-
suring circuit for a vacuum valve. In FIG. 9, one half of
a vacuum valve 100 is shown, and its stationary elec-
trode 2 and movable electrode 3 are accommodated in
an 1nsulating container 5, and are engaged with each
other; that is, contact means made up of the two elec-
trodes 2 and 3 is turned on, and an arc shield 41 is an
intermediate electrode which is insulated from those
electrodes. The vacuum valve 100 is connected to a
circuit conductor 44 to a system power source 42. For
measurement of partial discharges, a detecting elec-
trode 11 is confronted with the vacuum valve 100, and
it is connected to a grounding line 43 through a current
sensor 14. The circuit conductor 44 is connected to a
capacitor 45, which is connected through a sensor 140
to the grounding line 43. The outputs of those sensors
14 and 140 are connected to partial discharge measuring
units 46 and 47, respectively.

In the above-described circuit, electrostatic capaci-
ties exist as indicated by the dotted lines. That is, in
FI1G. 9, Cp and C; designate the electrostatic capacities
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which are formed between the main circuit conductors
44 connected to the main circuit terminals of the vac-
uum valve 100 and the grounding line 43; that is, they
represent the capacities between ground and elements
such as loads, cables and other electric power equip-
ment. Furthermore, reference characters Cs, Cg and C+
designate the electrostatic capacity between the arc
shield 41 and the inner cylindrical surface of the insulat-
ing container 5, the one between the inner and outer
cylindrical surface of the insulating container 5, and the
one between the outer cylindrical surface of the insulat-
ing container 5 and the detecting electrode 11, respec-
tively. In addition, electrostatic capacities exist between
ground and the stationary lead 7 and the movable lead
8. Such electrostatic capacities are included by the
above-described electrostatic capacities Co and Ci;.

It is assumed that, in FIG. 9, a vacuum reduction
occurs with the vacuum valve 100, and partial dis-
charges are induced between the arc shield 41 and the
stationary electrode 2 as indicated at 48. The partial
discharges abruptly change the potential difference
between the arc shield and the stationary electrode 2,
thus forming a displacement current, namely, a dis-
charge current I. The discharge current I flows through
the electrostatic capacities Cs, Cg and C7to ground. On
the other hand, the discharge current I 1s divided into
two currents Ipand I;. The current Ip flows through the
electrostatic capacity Cop to the stationary electrode 2,
while the current I; flows through the electrostatic
capacity Cj and the coupling capacitor 45 to the station-
ary electrode 2. Whenever the partial discharge 48
occurs, the divided discharge currents will flow
through the current sensors 14 and 140. The divided
discharge currents are amplified and measured by the
partial discharge measuring units 46 and 47, respec-
tively. However, in measuring the discharge current, it
is unnecessary to provide two current sensors. In the
measurement with the current sensor 14 only, the cou-
pling capacitor 45 may be eliminated. When only the
current sensor 14 is used, the detecting electrode 11
may be eliminated. In this case, the electrostatic capac-
ity C71s formed between the outer cylindrical surface of
the insulating container S and the grounding line 43. In
the above-described case, the contact means of the vac-
uum valve 1 is closed; however, even in the case where
the contact means is held opened, the partial discharge
measuring circuit 1s mamntained unchanged in arrange-
ment except that an electrostatic capacity is formed
between the stationary electrode 2 and the movable
electrode 3. That is, the discharge current Ip flows
through this electrostatic capacity to the stationary
electrode 2.

The current sensors 14 and 140 may be those which
have been disclosed by the following literature (1):

Electric Society, Japanese Electrotechnical Commit-
tee Standard “Partial Discharge Measurement,
General—JEC-195 (1980)”

FIG. 10 is a time chart showing the discharge cur-
rents detected by the current sensor 14 shown in FIG. 9.
A charge current of commercial frequency and voltage
flows from the system power source 42 into the current
sensor 14, so that the discharge currents are superposed
on it. In FIG. 10, the upper waveform 50 shows the
discharge currents superposed on the charge current,
and the lower waveform 51 shows only the discharge
currents. The lower waveform 51 has steep parts,
namely, high frequency components at intervals of half
cycle, which correspond to the discharge currents. The
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partial discharges occur in a pulse mode, and the wave-
form 51 contains frequency components of from low
frequency to several tens of mega-hertz (MHz).

The waveform of the discharge current detected by
the sensor 140 is different from that of the discharge
current detected by the sensor 14 only in that the former
is opposite in polarity to the latter; that is, the former
waveform is the same in tendency as the latter.

Partial discharges may be induced between the elec-
trodes of the vacuum valve which are held open, and
between the arc shield 41 and the movable electrode 3
as well as between the stationary electrode 2 and the arc
shield 41. In all of those cases, the discharge currents
can be detected with the current sensor 14 or 140 in the
circuit shown 1n FIG. 9.

FIG. 11 shows a partial discharge measuring circuit
in the first embodiment shown in FIG. 1. The circuit of
FIG. 11 is different from the circuit of FIG. 9 only in
that the arc shield 4 connected electrically to the side of
the stationary electrode 2 has a protrusion 10, and the
discharge current is detected only through the detect-
ing electrode 11 which is confronted with the insulating
container 5 with an air gap G therebetween.

In the case where the air gap G is so determined that
the electric field at the protrusion 10 is as high as possi-
ble (the gap G being several tens of milli-meters (mm) in
the case of a 7 kV vacuum valve), the connection of the
system power source 42 to the vacuum valve causes no
partial discharges if the vacuum valve 1s sufficiently
high in the degree of vacuum. However, if, in this case,
a vacuum reduction occurs with the vacuum valve, the
vacuum is decreased at the end of the protrusion 10, and
partial discharges are therefore induced between the
protrusion and the insulating container as indicated at
52, so that the potential difference therebetween is
abruptly changed. Thus, similarly as in the case of FIG.
9, the discharge current I flows to ground through the
electrostatic capacities C¢ and C;7. The discharge cur-
rent. I is divided into two parts Ip and 11, which return
to the vacuum valve 1. In this case, the discharge cur-
rent waveform is substantially equal to the one shown in
FIG. 10. In response to the discharge current, partial
discharge measuring means; i.e., the signal processing
unit 15 outputs an alarm signal 15S indicating the vac-
uum reduction.

In the circuit shown in FIG. 11, the commercial fre-
quency current flows to the detecting electrode 11.
Therefore, the signal processing unit 15 includes a cir-
cuit for removing the commercial frequency compo-
nents.

The discharge currents have a pulse waveform.
Therefore, the signal processing unit 15 detects the
pulse waveform only, and converts it into the alarm
signal 15S. Hence, the signal processing unit 15 pro-
vides the alarm signal 15S only when discharges are
induced with the vacuum valve which is 1n operation.

The current sensor 14 may be a transformer excellent
in high frequency characteristic. The signal processing
unit 15 may be a partial discharge measuring unit which
is available on the market. The alarm signal 15§ may be
utilized to operate an alarm system, or to display the
magnitude or the frequency of occurrence of the partial
discharges on a display unit.

Referring back to FIG. 1, similarly as in the case of
FIG. 11, the partial discharges induced at the end of the
protrusion 10 are detected through the detecting elec-
trode 11 by the current sensor 14. The formation of the
protrusion 10 on the arc shield 4 is a novel technique
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proposed by the inventor. By setting the air gap G to a
suitable value, the range of pressures causing partial
discharges at the protrusion 10 can be increased; that is,
the vacuum reduction can be detected with higher sen-
sitivity. That is, as the air gap G decreases, the electric
field at the end of the protrusion 10 is increased, and
therefore the mmimum vacuum pressure to induce par-
tial discharges 1s decreased. Thus, the device has the
following merit: In the case where a vacuum reduction
occurs with a vacuum valve which has been high in the
degree of vacuum, and the vacuum pressure is gradually
increased, the device can detect the defect before the
degree of vacuum of the vacuum valve is greatly re-
duced.

Japanese Patent Application (OPI) No’s 76630/1989
and 114413/1990 (the term “OPI” as used herein means
an “‘unexamined published application’) have disclosed
a vacuum reduction detecting device which detects
partial discharges by using a current sensor which is
interposed between a detecting electrode and ground.
In the conventional device, its arc shield has no protru-
sion; that 1s, the vacuum valve is not modified at all, for
detection of partial discharges; more specifically, partial
discharges between the arc shield and the stationary
electrode are detected as shown in FIG. 9. With the
device, the range of pressures with which partial dis-
charges are induced cannot be adjusted unless the inter-
nal structure of the vacuum valve is changed. Further-
more, in the case where, as shown in FIG. 1, the arc
shield 4" and the stationary electrode 2 are at the same
potential, no partial discharge is induced therebetween,
and therefore partial discharges between the arc shield
4 and the movable electrode 3 or between the stationary
electrode 2 and the movable electrode 3 are detected.
The occurrence of partial discharges at the movable
electrode 3 depends on the operating conditions of the
contact means. Therefore, in this case, it is difficult to
monitor the reduction in the degree of vacuum at all
times.

In the case of the device shown in FIG. 1, the protru-
sion 10 1s formed on the arc shield in the vacuum valve
during manufacture, and therefore the vacuum valve is
not affected in reliability; that is, it is positively pre-
vented from being reduced in the degree of vacuum.
Even if, m order to support the vacuum valve, other
insulators are set in the air gap G, they will never ad-
versely affect the vacuum reduction detecting opera-
tion. |

FIG. 2 shows another example of the vacuum reduc-
tion detecting device, which constitutes a second em-
bodiment of the invention. The second embodiment is
different from the above-described first embodiment
(FIG. 1) in that, instead of the protrusion formed on the
arc shield in the first embodiment, metal contact springs
16 are secured to the outer cylindrical surface of the arc
shield 4 in such a manner that they are in contact with
the mner cylindrical surface of the insulating container
5. In the first embodiment, the protrusion is annular;
whereas in the second-embodiment, the contact springs
16, which are a plurality of leaf springs, are secured to
the outer cylindrical surface of the arc shield 4 at equal
intervals. In the case of FIG. 2, two contact springs 16
are secured to both sides of the arc shield 4 with rivets.

It is known 1n the art that, when a metal electrode
contacts an insulator, then the electric field at the
contact point 1s increased extremely (cf. Electric Soci-
ety Ninth Insulating material Symposium Material I11-1,
pp 109-112, 1976, Takuma et al). Hence, with this struc-
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ture shown in FIG. 2, partial discharges are induced
under the vacuum pressure in the insulating container
which is lower than in the first embodiment. Therefore,
the vacuum reduction can be detected with higher sen-
sitivity.

In the second embodiment, the partial discharge is a
creeping discharge which spreads from the ends of the
contact springs 16 along the inner surface of the insulat-
ing container 5. Therefore, in order to induce the dis-
charge stably, it is essential that the metal electrode is
positively held in contact with the insulator. The
contact springs 16 formed as shown in FIG. 2 are posi-
tively held in contact with the insulating container 5.
During manufacture of the vacuum valve 1, the contact
springs 16 are secured to the arc shield 4 with rivets in
advance, and the arc shield 4 with the contact springs 16
1s inserted into the insulating container 5 while the
contact springs 16 are being slid on the inner surface of
the insulating container. Hence, the vacuum valve can
be formed with ease.

F1G. 3 shows another example of the vacuum reduc-
tion detecting device, which constitutes a third embodi-
ment of the invention. The third embodiment is differ-
ent from the first embodiment shown in FIG. 1 only in
that an annular protrusion 17 is formed on the inner
cylindrical surface of the insulating container 5. The
annular protrusion 17 may be made of a metal material,
or, as shown in FIG. 3, it may be made of the same
material as the insulating container 5. The insulating
container 5 1s generally made of a porcelain material
high 1n dielectric constant, and therefore the electric
field at the end of the protrusion 17 is high. Thus, simi-
larly as in the case of the protrusion of metal, partial
discharges are induced from the protrusion 17 towards
the arc shield 4 as the vacuum pressure in the insulating
container S increases. The discharge current, being of
high frequency, flows through the air gap G to the
detecting electrode 11, and therefore the vacuum reduc-
tion of the vacuum valve can be detected. The protru-
sion 17 and the insulating container 15 can be formed as
one unit by molding. Therefore, the provision of the
protrusion 17 will not increase the manufacturing cost.
In addition, similarly as in the above-described first and
second embodiments, the vacuum valve is high in reli-
ability; that is, it is-positively prevented from vacuum
reduction.

In the above-described first, second and third em-
bodiments, the arc shield has the same potential as the
stationary electrode 2. However, even in the case where

‘the arc shield 4 is provided as an intermediate electrode

insulated from the stationary electrode 2 and the mov-
able electrode 3, the same effect can be obtained by
forming the above-described protrusion on the outer
cylindrical surface of the arc shield 4 or on the inner
cylindrical surface of the insulating container 5.

In the case of a vacuum circuit breaker with three
vacuum valves 1 of three phases, the vacuum reduction
detecting device may be formed as follows: That is, the
detecting electrodes 11 are set confronted with the
vacuum valves 1, respectively, and the conductors ex-
tended from the detecting electrodes 11 are connected
to one current sensor 14, which is connected to one
signal processing unit 15. With the device, three vac-
uum valves 1 can be monitored for vacuum reduction.
However, it 1s impossible for the device to determine
which of the vacuum valves is defective, reduced in the
degree of vacuum. However, even if only one of the
vacuum valves becomes out of order, the vacuum cir-
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cuit breaker cannot be used. Therefore, in this case, the
maintenance of the vacuum circuit breaker can be satis-
factorily achieved by testing each vacuum valve with
the vacuum circuit breaker turned off.

FIG. 4 shows another example of the vacuum reduc-
tion detecting device, which constitutes a fourth em-
bodiment of the invention.

A detecting electrode 11 is confronted with the vac-
uum valve 1 with an air gap therebetween; that is, the
former 11 is coupled through an electrostatic capacity
(indicated by the dotted line) to the latter 1. The detect-
ing electrode 11 i1s connected to a current sensor,
namely, a current transformer 30. The current trans-
former 30 comprises a ferrite core 30B excellent in high
frequency characteristic, and a primary winding 30A
and a secondary winding 30C which are wound on the
ferrite core 30B. One end of the primary winding 30A. is
connected to the detecting electrode 11, and the other is
grounded. The secondary winding 30C is shunted with
a resonance capacitor 39, and connected to the input
side of the signal processing unit 15. The capacitance of
the resonance capacitor 39 is so selected that the capaci-
tor is tuned to a current component of a particular fre-
quency {1 (150 kHz for instance) in a range of from 100
kHz to 200 kHz of the discharge current which flows in
the primary winding 30A of the current transformer 30.

In the circuit of FIG. 4, of the discharge current
attributing to a vacuum reduction of the vacuum valve
1, the current components of about the particular fre-
quency fj are allowed to flow to the signal processing
unit 15, which outputs an alarm signal 13S.

The reason why the value of the resonance capacitor
39 is so selected that the capacitor is tuned to the partic-
ular frequency f1 will be described:

FIG. 12 1s a characteristic diagram indicating the
frequency spectra of discharge currents in the second
embodiment (FIG. 2). In FIG. 12, the horizontal axis
represents frequencies on logarithmic scale, and the
vertical axis represents frequency component levels in
dB (0 dB corresponding to the level provided when the
frequency 1s 100 kHz). The characteristic curve 38 is
obtained when the vacuum pressure is 0.3 Torr (near
Pm), and the characteristic curve 36 is obtained when
0.05 Torr. In the characteristic curve 35, the level is
abruptly decreased when the frequency is increased to
about 300 kHz. On the other hand, in the characteristic
curve 36, the level is substantially constant until the
frequency reaches about 10 MHz. This characteristic
tendency has been found by the inventor. When the
vacuum pressure is about the Paschen minimum pres-
sure (for instance, in a range of from 0.1 Torr to 10
Torr), the discharge current frequency spectrum is as
indicated by the characteristic curve 35; and when the
vacuum pressure is out of the range, the spectrum is as
indicated by the characteristic curve 36. That is, the
current components whose frequencies are in the fre-
quency range Af; (100 kHz to 200 kHz) shown in FIG.
2 exist 1n all the discharge currents irrespective to the
range of vacuum pressures; whereas the current compo-
nents whose frequencies are in a frequency range Af; (1
MHz to 10 MHz) scarcely exist in the discharge cur-
rents provided when the vacuum pressures are around
the Paschen minimum pressure Pm.

Referring back to FIG. 4, if the tuning frequency of
the current transformer 30 is set to a frequency f; (150
kHz for instance) in the frequency range Af; shown in
FIG. 12, then even when the vacuum pressure is ex-
tremely increased by the reduction in the degree of
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vacuum of the vacuum wvalve 1, the reduction in the
degree of vacuum can be detected positively. In the
fourth embodiment (FIG. 4), the current transformer 30
is employed as the current senmsor, as was describe
above. The current transformer 30 is excellent as a
sensor which operates according to a narrow band tun-
ing method (one of the partial discharge measuring
methods described 1n the aforementioned literature (1))
in which a particular frequency is tuned for detection of
a partial discharge. That 1s, when a charging current of
commercial frequency (50 or 60 Hz) flows in the cur-
rent transformer, it will not appear in the secondary
side. Therefore, it 1s unnecessary for the signal process-
ing unit 15 to have the high-pass filter which is neces-
sary for the resistance sensor to have. Since the narrow
band tuning is employed, the amplification band width
may be small, and therefore the gain of the amplifier can
be obtained readily, and the detecting device can be
simplified in arrangement as much. Furthermore, in the
current transformer 30, the primary winding and the
secondary winding are insulated from each other.
Therefore, the detecting device and the electric power
system can be grounded separately. This arrangement is
advantageous in that the detecting device is free from
the surge in the electric power system; that is, the pro-
tection of the detecting device is improved as much.

Japanese Patent Application (OPI) No’s 46725/1984,
46726/1984 and 175524/1984 have disclosed vacuum
reduction detecting devices in which, as shown 1n FIG.
9, discharge current flowing through the coupling ca-
pacitor 45 1s detected with the current sensor 140, and
partial discharges are detected with a band-pass filter
which transmits frequency components of from 2 kHz
to 20 kHz, or from 2 kHz to 400 kHz. The detecting
device of the invention is different from those conven-
tional devices in the following points:

(1) In the case of the conventional detecting devices,
no protrusion is formed on the arc shield, and the con-
ventional vacuum valve 1s used as it 1s for detection of
partial discharges 1n it.

(2) In the case of the conventional detecting devices,
the discharge current is detected through the coupling
capacitor. As for the coupling capacitor, a detector or
insulated operating rod connected to the main circuit
conductor is utilized.

(3) The conventional detecting devices employ the
band-pass filter to detect discharge current components
whose frequencies are in the particular frequency range.
The reason for the provision of the particular frequency
range 1s that, when the partial discharges were mea-
sured with the vacuum pressure of the vacuum valve
changed from 5X10~—3 Torr to 300 Torr, frequency
components of 2 kHz to 20 kHz were obtamed. The
inventor has found it through experiments that, as
shown 1in FIG. 12, even in the Paschen minimum pres-
sure region, the frequency components of discharge
currents are ranged from low frequencies to high fre-
quencies of the order of 200 kHz. In the case where the
band pass filter is used to transmit a wide range of fre-
quency components, it 1s not simple to obtain the gain of
the amplifier. Hence, in order to simplify the arrange-
ment of the detecting device, only the discharge current
components whose frequencies are in the particular
frequency range should be detected.

The aforementioned literature (1) has described a
partial discharge measuring unit operating according to
the narrow band tuning method, in which a tuning
transformer is connected, as a current sensor, in parallel
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to a resistor, and the tuning frequency is in a particular
frequency range of from 200 kHz to several mega-hertz
(MHz). When the literature (1) was published, the phe-
nomenon of the Paschen minimum with the vacuum
insulation was not known yet. Therefore, the literature
(1) shows no measuring unit whose tuning frequency is
lower than 200 kHz.

FIG. 5 shows another example of the vacuum reduc-
tion detecting device, which constitutes a fifth embodi-
ment of the invention.

Roughly stated, the fifth embodiment is formed by
adding a current transformer 31 and a signal processing
unmit 32, which are similar to those 30 and 15 in the
fourth embodiment (FIG. 4), and a comparator 33 to the
fourth embodiment. The primary winding 31A of the
current transformer 31 is connected in series to the
primary winding 30A of the current transformer 30.
The secondary winding 31C of the current transformer
31 is shunted with a resonance capacitor 40, and con-
nected to the input side of the signal processing unit 32.
Furthermore, the secondary windings 30C and 31C of
the current transformers 30 and 31 are connected to the
input side of the comparator 33. In the comparator 33,
the levels of the output signal of the current transform-
ers 30 and 31 are subjected to comparison. When the
output signal level of the current transformer 30 is
higher than that of the current transformer 31, the com-

parator 33 outputs a signal 33S indicating the amount of

reduction in the degree of vacuum of the vacuum valve.
The other arrangements are equal to those in the fourth
embodiment shown in FIG. 4.

The capacitance of the resonance capacitor 40 is so
selected that the capacitor is tuned to a current compo-
nent of a particular frequency f2 (3 MHz for instance) in
a range of from 1 MHz to 10 MHz of the discharge
current which flows in the primary winding 31A of the
- current transformer 31. The outputting of the signal 3S
by the comparator 33 means that the vacuum reduction
of the vacuum valve 1 has been advanced to about the
Paschen minimum pressure Pm. On the other hand,
when the comparator outputs no signal 33A although
the signal processing units 15 and 32 output the alarm
signals 15S and 328, the vacuum pressure of the vacuum
valve 1 has not come near the Paschen minimum pres-
sure Pm yet.

As was described above, according to the invention,
the protrusion is formed on the outer cylindrical surface
of the arc shield or the inner surface of the insulating

container in the vacuum valve, and the detecting elec-

trode is set confronted with the outer surface of the
insulating container with the air gap therebetween. This

makes it possible to monitor a reduction in the degree of

vacuum of the vacuum valve which is in operation,
with the vacuum valve maintained unchanged in reli-
ability. The protrusion on the insulating container is
formed in advance simultaneously when the latter is
formed; that is, the protrusion and the insulating con-
tainer are manufactured as one unit, and therefore the
formation of the protrusion will not increase the manu-
facturing cost of the vacuum tube at all. By adjusting
the length of the air gap, the range of pressures with
which partial discharges are induced can be increased;
that is, the sensitivity to a vacuum reduction can be
~ increased.

In addition, the protrusion on the arc shield is held in
contact with the inner surface of the insulating con-
tainer. Since, at the contact region, the electric field is
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made extremely high, and the vacuum reduction can be
detected with higher sensitivity.

Furthermore, the contact springs of metal are em-
ployed as the protrusion. Therefore, when the arc shield
1s inserted into the insulating container, the contact
springs contact the insulating container positively.
Thus, when the degree of vacuum of the vacuum valve
is reduced, discharge currents are stably induced.

Moreover, the current transformer whose secondary
winding 1s shunted with the resonance capacitor is em-
ployed as the current sensor. The capacitance of the
resonance capacitor is so selected that the capacitor is
tuned to a particular frequency component in a range of
frequencies of from 100 kHz to 200 kHz. Therefore,
even when the vacuum pressure is the Paschen mini-
mum pressure, the discharge can be detected. Hence, a
vacuum reduction of the vacuum valve can be detected
irrespective of the vacuum pressure.

Furthermore, according to the invention, the current
sensor is made up of the first and second current trans-
formers, the secondary windings of which are shunted
with the resonance capacitors. One terminal of the pri-
mary winding of the first current transformer is con-
nected to the detecting electrode, and the other termi-
nal is connected to the primary winding of the second
current transformer. The first current transformer is
tuned to a particular frequency component in a fre-
quency range of from 100 kHz to 200 kHz, while the
second current transformer is tuned to a particular fre-
quency component in a frequency range of from 1 MHz
to 10 MHz. The comparator subjects the levels of the
output signals of the two current transformers to com-
parison, to provide the output signal when the former is
large than the latter. Thus, it can be determined from
the presence or absence of the output signal of the com-
parator whether or not a vacuum reduction occurs with
the vacuum valve. That is, it can be determined immedi-
ately whether or not the vacuum pressure is decreased
to the Paschen minimum valve. This will greatly con-

tribute to the improvement in maintenance of the vac-
uum valve.

While there has been described in connection with
the preferred embodiments of this invention, it will be
obvious to those skilled in the art that various changes
and modifications may be made therein without depart-
ing from the invention, and it is aimed, therefore, to
cover 1n the appended claims all such changes and mod-

ifications as fall w1thm the true spirit and scope of the
invention.

What is claimed is:

1. A method of detecting a reduction in the degree of
vacuum of a vacuum valve having: an insulating con-
tainer which 1s evacuated; contact means made up of a
movable electrode and a stationary electrode; an arc
shield having outer cylindrical surface and electrically
connected to one of said electrodes; and a protrusion
formed on the outer cylindrical surface of said arc
shield or on the inner surface of said insulating con-
tainer; and a detecting electrode confronted with the
outer surface of said insulating container so as to pro-
vide an air gap therebetween and grounded through a
current sensor for detecting a discharge current induced
between said protrusion and said container; said contact
means and said arc shield being set in said insulating
container in such a manner that said arc shield sur-
rounds said contact means, said method comprising the
steps of:



5,399,973

15

holding said arc shield at the same potential as one of
said movable and stationary electrodes; and

detecting a discharge current which 1s induced
through said protrusion by said current sensor
when the degree of vacuum of said vacuum valve 1s
reduced, thereby to detect the reduction in the
degree of vacuum of said vacuum valve.

2. A method as claimed in claim 1, further comprising
the step of generating an alarm signal in response to
detection of the reduction.

3. A device for detecting a reduction in the degree of
vacuum of a vacuum valve, comprising:

an insulating container which is evacuated;

contact means made up of a movable electrode and a
stationary electrode; |

an arc shield electrically connected to one of said
electrodes and having a protrusion formed on the
outer surface thereof and surrounding said contact
means, said contact means and said arc shield being
set in said insulating container;

a detecting electrode confronted with the outer sur-
face of said insulating container so as to provide an
air gap therebetween; and

a current sensor for detecting a discharge current
which is induced through said protrusion when the
degree of vacuum of said vacuum valve is reduced
and outputting detection signal, said detecting elec-
trode being grounded through said current sensor.

4. A device as claimed in claim 3, further comprising
a signal processing unit which, in response to said detec-
tion signal of said current sensor, outputs an alarm sig-
nal to indicate the reduction in the degree of vacuum of
said vacuum valve.

S. A device as claimed in claim 3, wherein said arc
shield is at the same potential as one of said movable and
stationary electrodes.

6. A device as claimed in claim 3, wherein said pro-
trusion 1s 1n contact with the iner surface of said insu-
lating container.

7. A device as claimed in claim 6, wherein said pro-
trusion comprises a contact spring of metal.

8. A device as claimed 1 claim 3, wherein said cur-
rent sensor comprises a current transformer having a
primary winding on an input side and a secondary wind-
ing on an output side; said secondary winding is shunted
by a resonance capacitor; and said current transformer
outputs a signal tuned to a particular frequency compo-
nent mn a frequency range of from 100 kHz to 200 kHz
of the discharge current.

9. A device as claimed in claim 3, wherein said cur-
rent sensor comprises first and second current trans-
formers each having a primary winding on an input side
and a secondary winding on an output side; one termi-
nal of said primary winding of said first current trans-
former being connected to said detecting electrode, and
the other terminal thereof being connected to said pri-
mary winding of said second current transformer; said
secondary windings of said current transformers being
shunted with resonance capacitors, respectively; said
first current transformer outputting a signal tuned to a
particular frequency component in a frequency range of
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from 100 kHz to 200 kHz, while said second current
transformer outputs a signal tuned to a particular fre-

quency component in a frequency range of from 1 MHz
to 10 MHz; a comparator for subjecting the levels of
satd signals outputted by said first and second current
transformers to comparison; said comparator outputting
an alarm signal indicating an amount oF reduction in
the degree of vacuum of said vacuum valve.

10. A device for detecting a reduction in the degree
of vacuum of a vacuum valve, comprising:

an insulating container which is evacuated and hav-
ing a protrusion on the inner surface thereof:

contact means made up of 2 movable electrode and a
stationary electrode;

an arc shield which surrounds said contact means and
is electrically connected to one of said electrodes,
said contact means and arc shield being set 1n said
insulating container;

a detecting electrode confronted with the outer sur-
face of said insulating container so as to provide an
air gap therebetween;

a current sensor for detecting a discharge current
which is induced through said protrusion when the
degree of vacuum of said vacuum valve is reduced
and outputting a detection signal, said detecting
electrode being grounded through said current
sensor; and

a signal processing unit which, in response to said
output of said current sensor, outputs an alarm
signal to indicate the reduction in the degree of
vacuum of said vacuum valve.

11. A device as claimed in claim 10, wherein said
current sensor comprises a current transformer having a
primary winding on an input side and a secondary wind-
ing on an output side; said secondary winding 1s shunted
by a resonance capacitor; and said current transformer
outputs a signal tuned to a particular frequency compo-
nent in a frequency range of from 100 kHz to 200 kHz
of the discharge current.

12. A device as claimed in claim 10, wherein said
current sensor comprises first and second current trans-
formers each having a primary winding on an input side
and a secondary winding on an output side; one termi-
nal of said primary winding of said first current trans-
former being connected to said detecting electrode, and
the other terminal thereof being connected to said pri-
mary winding of said second current transformer; said
secondary windings of said current transformers being
shunted with resonance capacitors, respectively; said
first current transformer outputting a signal tuned to a
particular frequency component in a frequency range of
from 100 kHz to 200 kHz, while said second current
transformer outputs a signal tuned to a particular fre-
quency component in a frequency range of from 1 MHz
to 10 MHz; a comparator for subjecting the levels of
said signals outputted by said first and second current
transformers to comparison; said comparator outputting
an alarm signal indicating an amount of reduction in the

degree of vacuum of said vacuum valve.
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